The synthesis of cholesterol and its uptake from plasma LDL are regulated by two membrane-bound transcription factors, designated sterol regulatory element binding protein-1 and -2 (SREBP-1 and SREBP-2). Here, we used the technique of homologous recombination to generate mice with disruptions in the gene encoding the two isoforms of SREBP-1, termed SREBP-1a and SREBP-1c. Heterozygous gene-disrupted mice were phenotypically normal, but 50-85% of the homozygous ( Ϫ / Ϫ ) mice died in utero at embryonic day 11. The surviving Ϫ / Ϫ mice appeared normal at birth and throughout life. Their livers expressed no functional SREBP-1. There was a 1.5-fold upregulation of SREBP-2 at the level of mRNA and a two-to threefold increase in the amount of mature SREBP-2 in liver nuclei. Previous studies showed that SREBP-2 is much more potent than SREBP-1c, the predominant hepatic isoform of SREBP-1, in activating transcription of genes encoding enzymes of cholesterol synthesis. Consistent with this observation, the SREBP-1 Ϫ / Ϫ animals manifested elevated levels of mRNAs for 3-hydroxy-3-methylglutaryl coenzyme A synthase and reductase, farnesyl diphosphate synthase, and squalene synthase. Cholesterol synthesis, as measured by the incorporation of 
Introduction
A pair of transcription factors called sterol regulatory element binding proteins (SREBPs) 1 are essential for the synthesis of cholesterol and its uptake from LDL in all cultured cells so far studied, including Chinese hamster ovary (CHO) cells (for review see reference 1). CHO cells with mutations that disrupt the functioning of both SREBP-1 and SREBP-2 are unable to synthesize cholesterol or to take it up from plasma LDL (1, 2) . Such cells cannot survive unless cholesterol is added to the culture medium in a form that allows uptake by nonspecific lowefficiency mechanisms. On the other hand, mutations that prevent downregulation of SREBP-1 and -2 lead to massive overaccumulation of cholesterol within the cell (1, 3) . Preliminary evidence indicates that SREBP-1 (but not SREBP-2) may play a different role in liver than it does in cultured cells (1, 4) . The current studies were designed to investigate this difference through the use of gene knockout technology.
In cultured cells the activities of the SREBPs are regulated by an exquisitely sensitive two-step proteolytic pathway (1) . The SREBPs are synthesized as membrane-bound precursors of ‫ف‬ 1,150 amino acids that contain three segments. The NH 2 -terminal segment of ‫ف‬ 480 amino acids is a transcription activator of the basic-helix-loop-helix-leucine zipper (bHLH-Zip) family. The extreme NH 2 terminus of this segment is an acidic sequence that acts as an activation domain. The middle segment of the SREBPs consists of ‫ف‬ 80 amino acids that comprise two membrane-spanning sequences separated by a short hydrophilic sequence of 31 amino acids. The COOH-terminal half of the protein, designated regulatory domain, consists of ‫ف‬ 590 amino acids that have no resemblance to any known protein. This domain is required for the sterol-regulated cleavage of the SREBPs (discussed below).
The SREBPs are bound to membranes of the nuclear envelope and endoplasmic reticulum in such a way that the NH 2 -terminal and COOH-terminal segments face the cytoplasm and the hydrophilic 31 amino acid segment, known as the lumenal loop, projects into the lumen of these organelles (1, 5) . In sterol-deprived cells a protease cuts the SREBPs in the lumenal loop, separating the NH 2 -terminal and COOH-terminal segments, but leaving both attached to the membrane. This allows a second protease (Site-2 protease) to cut the NH 2 -terminal fragment at a site within the first transmembrane sequence, thereby liberating the NH 2 -terminal segment so that it can enter the nucleus (1, 2) . This NH 2 -terminal segment, known as the mature form of SREBP, activates transcription of genes encoding 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) synthase, HMG CoA reductase, farnesyl diphosphate synthase, squalene synthase, and other enzymes of cholesterol biosynthesis. It also activates transcription of the gene encoding the LDL receptor. The mature form of the SREBPs also activates genes encoding enzymes of fatty acid biosynthesis, including acetyl coenzyme A carboxylase, fatty acid synthase, and stearoyl coenzyme A desaturase-1 (for review see reference 1). CHO cells with defects in the action of the Site-2 protease are auxotrophic for sterols and unsaturated fatty acids (2, 6) .
Three forms of SREBPs are currently recognized (1) . SREBP-1a and -1c arise from a single gene through use of alternate promoters that give rise to alternate first exons (7) . SREBP-1a has a longer NH 2 -terminal acidic activation domain than -1c, and it is much more active in stimulating transcription (8) . SREBP-2 arises from a separate gene (9) , and it has a long activation domain similar to that of SREBP-1a (10) . In tissue culture cells, SREBP-1a and -2 are the predominant transcripts (11) . They are regulated coordinately, and they appear to act independently, although they are capable of forming heterodimers in vitro (1) .
In addition to their roles in stimulating transcription, the SREBPs have been implicated in enhancing the differentiation of adipocytes in tissue culture. Kim and Spiegelman (12) overproduced ADD1, which is the rat equivalent of SREBP-1c (11) , in cultured NIH3T3 preadipocytes and observed increased differentiation into fat-laden adipocytes.
The roles of SREBPs in liver are less well-established than their roles in cultured cells. In livers of mice and hamsters on a normal chow diet, the predominant mRNA form of SREBP is the relatively inactive -1c isoform, which exceeds the -1a isoform by ninefold (1, 11) . The SREBP-2 isoform is also limited in amount. When the livers are deprived of cholesterol by treatment with cholesterol synthesis inhibitors and bile acid binding resins, the amount of the SREBP-2 protein increases, and the efficiency of its proteolytic processing increases. At the same time there is a paradoxical and reciprocal decline in the total amount of SREBP-1c and its proteolytic processing becomes less efficient (1, 4) . The exchange of SREBP-2 for SREBP-1c in the nucleus is associated with an elevation in the mRNAs for several target genes, including the LDL receptor, HMG CoA reductase, and HMG CoA synthase. These data suggest that SREBP-2 is regulated in liver as it is in cultured cells, but SREBP-1 is regulated differently (1) .
The consequences of unregulated SREBP action in liver were tested by producing transgenic mice that overexpress a dominant positive form of SREBP-1a (13) . The truncated protein terminated at residue 460, and thus it included the entire bHLH-Zip domain but lacked the transmembrane segment. The protein entered the nucleus constitutively without requiring proteolysis, and thus it could not be downregulated in response to cholesterol overaccumulation. As a result, the liver became massively enlarged, owing to massive accumulation of triglycerides and cholesteryl esters. The mRNAs for all of the regulated lipogenic enzymes were increased markedly, and the livers produced cholesterol and fatty acids at rates that were fivefold and 20-fold above control levels (13) . Interestingly, transgenic mice that produced the corresponding fragment of SREBP-1c showed no increase in the cholesterologenic enzymes and only a moderate increase in the enzymes of fatty acid biosynthesis (8) .
To determine more precisely the requirements for SREBPs in liver, in the current experiments we have used homologous recombination to inactivate the gene for SREBP-1 (both the -1a and -1c isoforms) in mouse liver. Most of the homozygous knockout animals died in utero, but a small number survived. These survivors exhibited an increase in the amount of SREBP-2 in the liver, and this was associated with an overproduction of cholesterol.
Methods
Materials and general methods. Unless otherwise indicated, DNA manipulations were performed by standard molecular techniques (14) . Embryonic stem (ES) cells were derived from 129Sv embryos. The content of cholesterol and triglycerides in plasma and liver was measured as described previously (13) . Other materials and general methods have been described previously (8, 13) .
Cloning of mouse SREBP-1 cDNA and gene. Partial cDNAs encoding the 5 Ј untranslated region and the NH 2 -terminal domain of mouse SREBP-1a and -1c corresponding to amino acids 1-378 of hamster SREBP-1 (15) were cloned as described previously (11, 13) . Another overlapping partial cDNA encoding a fragment of mouse SREBP-1 corresponding to amino acids 344-765 of hamster SREBP-1 was obtained by reverse transcriptase-PCR using first strand cDNA from mouse liver poly(A) ϩ RNA as a template and primers derived from conserved human and hamster SREBP-1 sequences, as follows: 5 Ј primer, 5 Ј -GTGGTGGGCACTGAGGCAAAGCTGAATAAA-3 Ј , corresponding to amino acids 344-353 of hamster SREBP-1; and 3 Ј primer, 5 Ј -CCAGTCCCCATCCACGAAGAAACGGTGGCC-3 Ј , corresponding to amino acids 756-765 of hamster SREBP-1 (15) . The PCR product was cloned into pCRII using a TA cloning Kit (Invitrogen Corp., San Diego, CA) and sequenced.
A genomic mouse SREBP-1 clone was obtained from 129/ola mouse strain P1 genomic library (Genome Systems Inc., St. Louis, MO). The 222-bp probe used for screening the P1 library was produced by PCR using 129Sv/Ev mouse genomic DNA as template and the following primers derived from the mouse SREBP-1 sequence: 5 Ј primer, 5 Ј -ACCCTGGTGAGTGGAGGGACCATCTTGG-3 Ј , and 3 Ј primer, 5 Ј -CTTTGCTTCAGTGCCCACCACCAGGTCTTT-3 Ј , corresponding to amino acids 277-286 and 341-350 of hamster SREBP-1, respectively. A genomic map based on Southern blot analysis and sequencing indicated that this clone covers all exons encoding mouse SREBP-1 except exon 1a. The exon-intron structure of the mouse SREBP-1 gene (Fig. 1) was basically identical to that of the human SREBP-1 gene (7) .
Construction of targeting vectors for SREBP-1 gene disruption. Two targeting constructs of the replacement type were produced (Fig.1, A and B ) . In both constructs, the PolIIsneobpA expression cassette and two copies of the herpes simplex virus thymidine kinase (HSV TK) gene were inserted for selection markers (16) . A XhoI fragment (0.8 kb) containing a part of exon 2 and a BamHI fragment (0.75 kb) containing exon 12 and a part of exon 13 were subcloned from the P1 clone containing the mouse SREBP-1 gene and used for the short arm of targeting Constructs A and B, respectively (Fig. 1 ). An EcoRI fragment (12.5 kb) extending from intron 2 to the 3 Ј -untranslated region and a SacI fragment (10.7 kb) extending from the intron separating exons 1a and 1c to exon 5 were subcloned and used for the long arm of targeting Constructs A and B, respectively. The short arm and long arm were each ligated into either side of the PolIIsneobpA cassette. The transcriptional orientation of the neo gene was opposite to that in the SREBP-1 gene in Construct A and the same in Construct B. The integrity of both vectors was confirmed by sequencing all ligation junctions.
ES cell culture and generation of mice homozygous for the disrupted SREBP-1 gene. ES cells (JH-1 and SM-1) were cultured on leukemia inhibitory factor-producing STO feeder cells (16) . Approximately 2 ϫ 10 7 cells were electroporated (275 V, 330 F; GIBCO BRL Electroporator; GIBCO BRL, Gaithersburg, MD) with 50 g/ml of each targeting vector (linearized with SalI) and seeded onto irradiated feeder layers. The ES cells were subjected to selection with 190 g/ml G418 and 0.25
Recombinant clones were identified by PCR using a primer located in the 3 Ј untranslated region of the neo cassette, 5 Ј -GATTGGGAA-GACAATAGCAGGCATGC-3 Ј , together with one of the following primers: a primer located in the intron between exon 1c and exon 2, 5 Ј -GCCCCTGCCTCCCAAGTACTGGGATTAAAG-3 Ј for detection of the disrupted SREBP-1 allele A, or a primer located in exon 13, 5 Ј -ACGCTCGCTCTAGGAGATGTTCACGGAATA-3 Ј , for detection of the disrupted SREBP-1 allele B (Fig. 1, arrowheads ) . Homologous recombination was verified by Southern analysis after EcoRI and BamHI digestion for targeting Constructs A and B, respectively, and probing with the indicated probe in Fig. 1 . Five and four independent ES cell clones containing the disrupted SREBP-1 alleles A and B, respectively, were established and injected into C57BL/6J blastocysts, yielding a total of 22 and 15 chimeric males whose coat color ( agouti ) indicated a contribution of ES cells ranging from 25-100%. Of the 22 chimeric males, 21 were fertile, and 7 gave offspring that carried the disrupted SREBP-1 allele A through the germline. Of the 15 chimeric males, 15 were fertile, and 6 gave offspring that carried the disrupted SREBP-1 allele B through the germline. Four and three lines with disrupted SREBP-1 alleles A and B, respectively, were bred and used for analysis. All experiments were performed with the F2 or F3 generation descendants, which were hybrids between the C57BL/6J and 129Sv/Ev strains.
Mice were housed in colony cages and maintained on a 14-h light/ 10-h dark cycle. Mice were fed Teklad 4% (wt/wt) Mouse/Rat Diet 7001 from Harlan Teklad Premier Laboratory Diets (Madison, WI) and were killed in the nonfasting state during the early phase of the light cycle, unless otherwise indicated.
Construction of expression vectors. HSV TK-driven expression plasmids, designated pTK-SREBP-1a487 and pTK-SREBP-1c463, encoding truncated versions of mouse SREBP-1a and -1c corresponding to amino acids 1-487 and 1-463 of human SREBP-1 (15), respectively, were constructed as follows. First strand cDNA from mouse liver poly(A)
ϩ RNA was prepared as described previously and used as a template for PCR (8, 13) . Primers used were as follows: 5 Ј primer for pTK-SREBP-1a487 containing a NotI site, 5 Ј -AAAGCGGC-CGCCATGGACGAGCTGGCCTTCGGT-3 Ј ; 5 Ј primer for pTK-SREBP-1c463 containing a NotI site, 5 Ј -AAAGCGGCCGCACCA-CGGAGCCATGGATTGCACATT-3 Ј ; and 3 Ј primer for both plasmids containing an XbaI site and a stop codon, 5 Ј -AAATCTAG-ACTAGCGGGAGCGGTCCAGCATGCCTCGACTGTG-3 Ј . The PCR products were subcloned into the NotI-XbaI sites of pTK-HSV-BP2 (8) .
cDNA cloning of aberrant SREBP-1 mRNAs. To clone cDNAs corresponding to the two mRNAs derived from disrupted allele B, we isolated total RNA from the liver of a B Ϫ / Ϫ mouse. After first strand synthesis with reverse transcriptase, we performed two separate PCRs. The 5 Ј primer in one case corresponded to the 5 Ј end of the SREBP-1a mRNA, and in the other case it corresponded to the 5 Ј end of SREBP-1c. Both reactions used the same 3 Ј primer, which was derived from the sequence of the PolII promoter, which was at the 5 Ј end of the neo insertion cassette. This primer had an XbaI linker at the 3 Ј end. Its sequence was 5 Ј -AAATCTAGACCCTTGCGCTAC-GGGGCCGTCCGCACCGG-3 Ј . Gel electrophoresis revealed bands of the appropriate size in both reactions, but the product with the SREBP-1c primer was at least 10-fold more intense than the band derived from the SREBP-1a primer. Both products were cloned into the NotI-XbaI sites of pTK-HSV-BP2 (8) . The junctional regions of both plasmids were sequenced, and this confirmed that both plasmids encoded the authentic SREBP-1 sequence up to codon 344 for SREBP1a and up to codon 320 for SREBP-1c. Thereafter, the sequence continued into the sequence of the PolII promoter as shown in Fig. 1 C . These two plasmids were used for the expression studies shown in Fig. 3 .
Transfections and luciferase assays. Human embryonic kidney 293 cells were grown in monolayer at 37 Њ C in an atmosphere of 8-9% CO 2 in medium A (DME containing 100 U/ml penicillin and 100 g/ml streptomycin sulfate) supplemented with 10% (vol/vol) FCS. The indicated amount of each expression plasmid was transfected into 293 cells simultaneously with 0.4 g of a luciferase reporter plasmid (pHMGCoA Syn-Luc) (8) and 0.2 g of a control pCMV␤-gal reference plasmid. The total amount of DNA in each transfection was adjusted to 5 g per dish with vector DNA as described previously (8) . Transfection studies were carried out with cells plated on 60-mm dishes. On day 0, 4 ϫ 10 5 cells were plated in medium A with 10% FCS. On day 2, duplicate dishes of cells were transfected by the calcium phosphate method with a Stratagene MBS kit according to the manufacturer's protocol. 3 h after transfection, the cells were washed once with PBS and fed with 5 ml of medium A supplemented with 10% FCS, 1 g/ml 25-hydroxycholesterol, and 10 g/ml cholesterol (added in a final concentration of 0.2% ethanol). After 16 h, the cells in each dish were washed once with PBS. One set of duplicate dishes was used for immunoblot analysis, and another set of duplicate dishes was subjected to luciferase and ␤-galactosidase assays using a kit (Promega Corp., Madison, WI and GIBCO BRL, respectively) as described previously (8) . The amount of luciferase activity in transfectants (relative light units) was normalized to the amount of ␤-galactosidase activity (OD units).
Immunoblotting. A rabbit polyclonal antibody against mouse SREBP-2 (amino acids 32-250) was prepared as described previously for mouse SREBP-1 (13) . Rabbits were immunized with a His(6)-tagged protein containing amino acids 32-250 of mouse SREBP-2 that was bacterially produced using Expressor System (QIAGEN, Inc., Chatsworth, CA). Nuclear extracts and membrane (10 5 -g pellet) fractions were prepared from mouse livers as described previously (13) . Aliquots (30 g protein) of the membranes and nuclear extract fractions were subjected to 8% SDS-PAGE, transferred to Hybond C extra membranes (Amersham Corp., Arlington Heights, IL), and incubated with 5 g/ml rabbit anti-mouse SREBP-1 IgG (directed against amino acids 32-250 of SREBP-1a and 8-226 of SREBP-1c; 13) or antimouse SREBP-2 IgG (see above). The membrane-bound antibodies were visualized with the Enhanced Chemiluminescence Western Blotting Detection System kit (Amersham Corp.) using a horseradish peroxidase-labeled donkey anti-rabbit IgG antibody (Amersham Corp.). Protein content of samples was determined with the BCA Kit (Pierce Chemical Co., Rockford, IL).
Blot hybridization of RNA. cDNA probes for mouse farnesyl diphosphate (FPP) synthase and microsomal triglyceride transfer protein (MTP) were prepared with reverse transcriptase-PCR and mouse liver poly(A) ϩ RNA as template as described previously for other probes (13) . cDNA probes for mouse lipoprotein lipase (LPL), hormone sensitive lipase (HSL), leptin, and the adipocyte lipid binding protein (aP2) were prepared from mouse epididymal fat total RNA. The PCR primers used were as follows: FPP synthase: 5Ј primer, 5Ј-GGTCCTGGAGTACAACACTGTAGGAGGCAA-3Ј, and 3Ј primer, 5Ј-TGGCAGCCGCGATAGGCAGGTAGAAA-GAGT-3Ј (17); MTP: 5Ј primer, 5Ј-GACATCAGGGAAACCGT-TATGAT-3Ј, and 3Ј primer, 5Ј-AATGGACAGCAGAATGTTCT-TCACATCCAT-3Ј (18); LPL: 5Ј primer, 5Ј-GTGGCCGCAGCA-GACGCAGGAAGA-3Ј, and 3Ј primer, 5Ј-ATGCGAGCACT-TCACCAGCTGGTC-3Ј (19); HSL: 5Ј primer, 5Ј-ACCTGAGGC-CTTTGAGATGCCACTC-3Ј, and 3Ј primer, 5Ј-CACTCCATAG-GCTGCTGCCCGAAG-3Ј (20) ; leptin: 5Ј primer, 5Ј-ATCAAC-AGGTCCTCACCAGCC-3Ј, and 3Ј primer, 5Ј-GCTGAAGAAC-TAGGTGAGAGT-3Ј (21); aP2: 5Ј primer, 5Ј-CTCCTGTGCTG-CAGCCTTTCTC-3Ј, and 3Ј primer, 5Ј-CGTAACTCACCACCAC-CAGCTTGTC-3Ј (22) .
Total RNA was prepared from mouse liver using an RNeasy™ Total RNA kit (QIAGEN Inc.) and from adipose tissue by the guanidinium thiocyanate/phenol/chloroform method (23) . Equal aliquots of total RNA from mice in each group were pooled (total, 15 g), denatured with formaldehyde and formamide, and subjected to Northern blot analysis with the indicated cDNA probe. cDNA probes were prepared as described previously (13) and radiolabeled with [␣-32 P]-CTP (3,000 Ci/mmol) using Megaprime DNA Labeling System (Amersham Corp.). The filters were hybridized with the indicated 32 P-labeled probes ‫ف(‬ 1 ϫ 10 6 cpm/ml) for 2 h at 65ЊC using Rapidhyb buffer (Amersham Corp.), washed with 0.1% (wt/vol) SDS/0.1ϫ SSC at 70ЊC for 60 min, and exposed to Reflection™ NEF 496 film (Dupont-NEN, Boston, MA) with intensifying screens at Ϫ80ЊC. The resulting bands were quantified by exposure of the filter to a BioImaging Analyzer with BAS1000 MacBus software (Fuji Medical Systems, Standish, ME), and the results were normalized to the signal generated from glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA.
Cholesterol and fatty acid synthesis in vivo. Eight 20-wk-old mice homozygous for the disrupted SREBP-1 allele B and wild-type mice of the same genetic background (four females and four males for each group) were killed during the early light cycle. The rates of cholesterol and fatty acid synthesis in livers and adrenal glands were measured after intraperitoneal injection of [ 3 H]water and saponification of either 200-300 mg aliquots of liver or both adrenal glands as described previously (13) . Briefly, fatty acids were extracted from each sample with two 15-ml hexane extractions after acidification with 1 ml of concentrated HCl. The rates of hepatic cholesterol synthesis and fatty acid synthesis were calculated as mol of [ 
Results
We were unable to design a vector that could destroy the 5Ј end of the SREBP-1 gene because the SREBP-1a and -1c transcripts use different promoters that are separated by more than 10 kb in the mouse and human genomes (7, 11) . Instead, we produced two different targeting constructs, each of which is expected to functionally inactivate both the SREBP-1a and -1c transcripts. The structures of these targeting vectors are shown in Fig. 1 .
Targeting Construct A inserts the neo gene into the middle of exon 2 (Fig. 1 A) . If the disrupted gene is transcribed and translated, it should produce a protein fragment whose sequence terminates within the neo sequence in exon 2. If either exon 1a or 1c were to splice into exon 3, bypassing the disrupted exon 2, it would produce an in frame transcript whose coding sequence would lack exon 2. Fig. 1 A shows an EcoRI digest of genomic DNA from mice that are heterozygous and homozygous for the disruption in exon 2. The predicted 2.5-kb EcoRI fragment is seen in homozygous form in the Ϫ/Ϫ animals and in heterozygous form in the ϩ/Ϫ animals. These mice are designated A Ϫ/Ϫ and A ϩ/Ϫ , respectively. Fig. 1 B shows a diagram of Targeting Construct B. Homologous recombination with the wild-type SREBP-1 allele results in a deletion that begins in the middle of exon 5 and proceeds through exon 11. If a protein were translated from this disrupted allele, it would lack the HLH-Zip domain, and it would not be expected to bind DNA or to activate transcription. Fig. 1 B shows a BamHI digest of genomic DNA from mice bearing the disrupted gene. The Ϫ/Ϫ animals have the predicted 2.0-kb fragment denoting the presence of the disrupted allele, whereas the ϩ/Ϫ animals have evidence for both the disrupted allele (2.0-kb fragment) and the wild-type allele (0.8-kb fragment). These animals are designated B Ϫ/Ϫ and B ϩ/Ϫ , respectively.
Each of the targeting constructs was introduced into ES cells by electroporation, and homologous recombinants were selected by standard techniques as described in Methods. Clones of cells were injected into mouse blastocysts, and chimeric offspring were bred to produce A ϩ/Ϫ or B ϩ/Ϫ mice. Table  I shows the results of breeding experiments in which heterozygous animals were mated, and the pregnant females were killed on various days post coitum (p.c.). When A ϩ/Ϫ mice were interbred, the number of embryos was normal through day 10.5 p.c., and the distribution of genotypes was consistent with Mendelian segregation. Thereafter, the number of living A Ϫ/Ϫ embryos declined, and the number of embryo resorption sites increased. Most of the A Ϫ/Ϫ embryos died between days 11.5 and 14.5 p.c. The lethality was not universal, however. When litters from many heterozygote matings were followed to adulthood, the number of surviving A Ϫ/Ϫ mice was about 14% of the expected value. The observed proportion of ϩ/ϩ: ϩ/Ϫ: Ϫ/Ϫ mice was 86/180/12, when the expected proportion is 1/2/1. We also found an abnormally small number of A Ϫ/Ϫ animals when A Ϫ/Ϫ males were bred to A ϩ/Ϫ females. Heterozygous matings between B ϩ/Ϫ mice also produced a reduced number of Ϫ/Ϫ offspring, but the lethality was not as severe as with the A Ϫ/Ϫ mice (Table I) . B ϩ/Ϫ ϫ B ϩ/Ϫ matings produced ‫ف‬ 50% of the expected number of B Ϫ/Ϫ offspring, as did matings between B Ϫ/Ϫ males and B ϩ/Ϫ females. The surviving A Ϫ/Ϫ mice and B Ϫ/Ϫ mice were physically indistinguishable from their wild-type or heterozygous littermates. The total body weights of adults were normal, as were the weights of the liver and epididymal fat pads (Table II) . The content of cholesterol in the liver was elevated 1.5-fold in both the A Ϫ/Ϫ mice and the B Ϫ/Ϫ mice, and this difference was statistically significant. The liver triglyceride content was normal. Total plasma cholesterol was reduced slightly in both the A Ϫ/Ϫ and B Ϫ/Ϫ mice, but the difference was statistically significant only in the B Ϫ/Ϫ animals (P Ͻ 0.001). Plasma triglycerides were also slightly lower in both types of knockout animals. acids 32-250 of SREBP-1a (equivalent to 8-226 of SREBP1c), the A Ϫ/Ϫ mice showed no immunoreactive band either in the membranes or the nuclear extract. This lack of immunoreactivity was confirmed when immunoblot analysis was carried out with a monoclonal antibody (IgG-2A4) directed against amino acids 301-407 of human SREBP-1a encoding exons 5-7 (15) . This antibody cross reacts with mouse SREBP-1 in wild-type liver and thus would be expected to recognize an aberrant protein if it were produced (data not shown). The amount of SREBP-2 in the nuclear extract was increased two-to threefold as compared with normal mice. The membrane fractions from the B Ϫ/Ϫ mice also contained no detectable SREBP-1 precursor. However, the nuclear extract contained an immunoreactive protein of ‫ف‬ 40-kD. The mature form of SREBP-2 was increased two-to threefold in the nuclear extracts of the B Ϫ/Ϫ mice just as it was in the A Ϫ/Ϫ mice. Similar increases in mRNA and protein levels (1.5-to 4-fold) were observed in the three independent lines of mice that carried the disrupted B allele. We were unable to study each of the four lines carrying the A allele because of the limited number of surviving Ϫ/Ϫ mice.
To confirm the identity of the shortened form of SREBP-1 in the B Ϫ/Ϫ mice, we performed PCR on first-strand cDNA synthesized from mRNA obtained from the liver of a B Ϫ/Ϫ mouse. We used 5Ј primers derived from the 5Ј ends of either SREBP-1a or -1c. The 3Ј primer was derived from the PolII promoter sequence that was present in the neo cassette of Targeting Construct B (Fig. 1 B) . The PCR products were cloned, and the ends were sequenced. As shown in Fig. 1 C, the clones contained the authentic sequences of SREBP-1a or -1c at the 5Ј end. The 3Ј ends contained the sequence of SREBP-1 up through the codon encoding amino acid 320 in SREBP-1c, which corresponds to amino acid 344 in SREBP-1a. Thereafter, the sequence extended into the sequence of the PolII promoter, which was part of the inserted neo cassette. The reading frame remained open for 23 amino acids. The proteins produced by these transcripts contain the basic region and part of the first helix of the HLH-Zip motif (Fig. 1 C) . Such proteins would not be expected to bind to the SRE or to affect transcription (15) .
To determine whether any of the SREBP-1 transcripts in the B Ϫ/Ϫ mice contain the 3Ј end of the SREBP mRNA, we performed a series of northern blots on liver mRNA from the B Ϫ/Ϫ mice. These blots revealed a 2.1-kb transcript that was visualized with a cDNA probe complementary to the region of the SREBP-1c mRNA encoding amino acids 12-354 (see below in discussion of Fig. 4) . The same transcript was visualized with a probe from the coding region of the neo gene, but it was not visualized with probes directed against the COOH-terminal region of the SREBP-1 gene (data not shown). These data suggest that the transcript continues through the neo cassette and terminates at the poly(A) ϩ signal within this cassette. Such a transcript is predicted to be 2.1-kb in size, which is consistent with the ‫ف‬ 2-kb mRNA observed in the Northern blots. The predicted molecular mass of the truncated SREBP-1c protein is 35 kD, which is consistent with the band of ‫ف‬ 40 kD observed in immunoblots of nuclear extracts from the B Ϫ/Ϫ livers (Fig. 2) .
To make certain that the protein products in the B Ϫ/Ϫ mice are transcriptionally inactive, we prepared expression plasmids encoding these proteins, which contain either the SREBP-1a or -1c sequences at their NH 2 termini. Expression was driven by the TK promoter. To test the transcriptional activities of Figure 2 . Immunoblot analysis of SREBP-1 and SREBP-2 in membranes and nuclear extracts from livers of wild-type mice (ϩ/ϩ) and mice homozygous for disrupted SREBP-1 alleles A and B (Ϫ/Ϫ). For each group, livers from the six mice in Table II were pooled, and aliquots (30 g protein) of the membrane and nuclear extract fractions were subjected to 8% SDS-PAGE. Immunoblot analysis was performed as described in Methods using 5 g/ml of rabbit anti-mouse SREBP-1 IgG or SREBP-2 IgG as the primary antibody and 0.25 g/ml horseradish peroxidase-labeled donkey anti-rabbit IgG (Amersham Corp.) as the secondary antibody. Filters were exposed to film for 15 s (SREBP-1) or 60 s (SREBP-2) at room temperature. Figure 3 . Stimulation of SRE-luciferase reporter gene by transfected aberrant SREBP-1 proteins driven by the TK promoter. 293 cells were set up for experiments as described in Methods and transfected with the indicated amount of pTK-SREBP-1a487, pTK-SREBP-1c463, pTK-aberrant SREBP1a, or pTK-aberrant SREBP-1c. A reporter pHMG CoA synthaseluc plasmid and a pCMV␤-galactosidase reference plasmid were cotransfected as described in Methods. After transfection, all of the cells were cultured in medium A supplemented with 10% FCS, 1 g/ml 25-hydroxycholesterol, and 10 g/ml cholesterol to suppress endogenous SREBP activity. After incubation for 16 h, the cells were harvested, and luciferase activity was measured and normalized to ␤-galactosidase activity. Each value represents the average of duplicate incubations. Another duplicate set of dishes was harvested for immunoblot analysis. Nuclear extracts (30 g protein) were prepared and subjected to 8% SDS-PAGE and immunoblotting with 5 g/ml of rabbit anti-mouse SREBP-1 IgG as the primary antibody. The filter was exposed to film for 15 s at room temperature. The immunoreactive band at 69 kD represents an irrelevant protein that cross reacts with the antibody in 293 cells. these proteins, we transfected the expression vectors into human 293 cells together with a reporter plasmid encoding luciferase under control of the HMG CoA synthase promoter (Fig. 3) . The cells were incubated in the presence of sterols so as to prevent any influence from the endogenous SREBPs in the cells. As positive controls, we transfected plasmids encoding truncated versions of mouse SREBP-1a and -1c that included the complete bHLH-Zip domains. These proteins stimulated transcription as monitored by an increase in luciferase activity (Fig. 3, B and C) . In contrast, the aberrant SREBPs encoded by the disrupted genes failed to stimulate transcription (Fig. 3, D and E) . The bottom panel of Fig. 3 shows that all of these plasmids produced the appropriately sized proteins as determined by immunoblotting. The amount of protein produced by the aberrant plasmids was relatively low, and therefore we transfected the cells with four times as much DNA for these plasmids as opposed to the plasmids encoding the authentic truncated proteins. (Fig. 4) . This is consistent with the two-to threefold elevation in the levels of SREBP-2 protein in the nuclear extract as determined by immunoblotting (Fig. 2) . The mRNA for the LDL receptor was elevated slightly in the A Ϫ/Ϫ and B Ϫ/Ϫ mice (1.2-to 1.3-fold) (Fig. 4) , but this is of questionable biological significance. The elevations in mRNAs encoding cholesterol biosynthetic enzymes were more impressive (2.1-to 3.8-fold for HMG CoA synthase, HMG CoA reductase, farnesyl diphosphate synthase, and squalene synthase) (Fig. 4) .
In contrast to the consistent increase in the mRNAs for cholesterol synthetic enzymes, the mRNAs for three enzymes involved in fatty acid synthesis were either normal or slightly reduced in the A Ϫ/Ϫ and B Ϫ/Ϫ mice (Fig. 4) . These mRNAs encoded acetyl CoA carboxylase, fatty acid synthase and stearoyl CoA desaturase-1. The mRNAs for apoAI, apoB, and apoE were essentially unchanged in the knockout animals. The mRNA encoding microsomal triglyceride transfer protein, which is necessary for assembly of VLDL, was unchanged in the knockout animals. Results similar to those in Fig. 4 were obtained on two different occasions when the mRNAs of pooled wild-type and knockout animals were examined. Fig. 5 shows measurements of 13 mRNAs in adipose tissue derived from epididymal fat pads and paramesenteric fat tissue of the B Ϫ/Ϫ knockout mice. As expected, the B Ϫ/Ϫ mice produced the 2-kb aberrant transcript of SREBP-1. In contrast to the situation in liver, the level of SREBP-2 mRNA in adipose tissue was very low, and it was not elevated detectably in the B Ϫ/Ϫ mice. There was a slight increase in mRNAs for the LDL receptor (1.4-fold) and a more clear-cut 2.4-fold elevation in squalene synthase. The levels of other mRNAs were essentially normal except for a 50% reduction in the mRNA for stearoyl CoA desaturase. In particular, there was no significant change in the mRNAs for a group of proteins that are relatively adipose-specific, including LPL, hormone-sensitive lipase, aP2, and leptin.
To determine the effects of the SREBP-1 gene disruption on overall patterns of lipid synthesis, we injected ϩ/ϩ and B Ϫ/Ϫ Figure 4 . Amounts of various mRNAs in livers of wild-type mice (ϩ/ϩ) and mice homozygous (Ϫ/Ϫ) for disrupted SREBP-1 allele A (A) and allele B (B) as measured by blot hybridization. Total liver RNA isolated from the six mice in Table II was pooled and 15 g aliquots were subjected to electrophoresis and blot hybridization with the indicated 32 P-labeled probe. The amount of radioactivity in each band was quantified as described in Methods. The Fold Change in each mRNA of Ϫ/Ϫ mice, relative to that of the respective wild-type mice, was calculated after correction for loading differences with GAPDH. These values are shown below each blot except for SREBP-1. Two aberrant signals of SREBP-1 mRNA were observed in livers from mutant mice harboring disrupted allele A. The two transcripts differ in length as a result of the presence or absence of the disrupted exon 2/neo cassette, as determined by hybridization with a neo probe and sequencing of reverse transcriptase-PCR products. No significant amounts of protein products from these two aberrant mRNAs were detected in immunoblot analysis of liver nuclear extracts or membranes (see Fig. 2 ). One aberrant SREBP-1 mRNA was detected in livers from mutant mice harboring allele B. This mRNA was translated into an aberrant protein that was detected in nuclear extracts (see Fig. 2 ). mice with [ 3 H]water and measured incorporation into cholesterol and fatty acids in the liver and adrenal glands after 1 h (Fig. 6 ). This protocol has been shown to reflect endogenous rates of synthesis before any interorgan redistribution takes place (24) . These data revealed a threefold increase in cholesterol synthesis in the B Ϫ/Ϫ mice that was statistically significant both in liver and adrenal (Fig. 6 A) . In contrast, the rate of fatty acid synthesis was reduced in liver and unchanged in the adrenal glands (Fig. 6 B) .
Discussion
These experiments have produced several new observations with respect to the actions of SREBPs in livers of intact animals: (a) most mice homozygous for a disruption of the SREBP-1 gene died in utero around embryonic day 11; (b) surviving Ϫ/Ϫ mice appeared physically normal at birth and throughout adulthood; (c) the survivors manifested elevated levels of SREBP-2 mRNA in liver and an elevated level of the mature form of SREBP-2 in liver nuclei; (d) the survivors had elevated levels of hepatic mRNAs for enzymes of cholesterol synthesis, but not fatty acid synthesis; (e) the survivors overproduced cholesterol in liver and adrenal gland; and (f) plasma cholesterol and triglycerides in the survivors were slightly reduced.
The cause of the embryonic lethality in the SREBP-1 knockout mice is not clear. Most of the deaths occurred between embryonic day 11.5 and 14.5. Histologic examination of embryos at days 8.5 and 9.5 failed to reveal aberrant development of any organs. In unpublished experiments we observed mortality at embryonic days 7-8 in mice homozygous for a disruption of the SREBP-2 gene. In contrast to the SREBP-1 disruption, we Figure 5 . Amount of various mRNAs in white adipose tissues of wild-type mice (ϩ/ϩ) and mice homozygous for disrupted SREBP-1 allele B (Ϫ/Ϫ) as measured by blot hybridization. Total RNA isolated from epididymal fat pads or paramesenteric fat of the six mice in Table II (Construct B) was pooled, and 15 g aliquots were subjected to electrophoresis and blot hybridization with the indicated 32 P-labeled probe. The amount of radioactivity in each band was quantified as described in Methods. The Fold change in each mRNA of Ϫ/Ϫ mice, relative to that of wild-type mice, was calculated after correction for loading differences with GAPDH. These values are shown below each blot. The probe for stearoyl CoA desaturase (SCD) was the mouse SCD-1 cDNA fragment (13) that can detect both SCD-1 and SCD-2 mRNA in adipose tissue. H]Water (50 mCi in 0.25 ml of isotonic saline) was injected intraperitoneally, and 1 h later the indicated tissue was removed for measurement of its contents of 3 H-labeled digitonin-precipitable sterols and fatty acids as described in Methods. Bars denote meanϮSEM. * and ‡ denote the levels of statistical significance (Student's t test) at P Ͻ 0.05 and P Ͻ 0.01, respectively. observed no liveborn mice homozygous for SREBP-2 disruptions. 2 Among the SREBP-1 knockout mice, lethality appeared to be somewhat greater in the A Ϫ/Ϫ mice than in the B Ϫ/Ϫ mice (prenatal mortality 85 versus 50%). The reason for this difference is not clear. Both disruptions appeared to destroy SREBP-1 function. In the A Ϫ/Ϫ mice no immunodetectable SREBP-1 was produced. The B Ϫ/Ϫ mice produced a truncated form of SREBP-1 that lacked most of the HLH-Zip domain. Transfection experiments demonstrated that this protein fragment was unable to stimulate transcription from a sterol regulatory element-dependent promoter (Fig. 3) . The biochemical abnormalities in livers of surviving mice were indistinguishable in the A Ϫ/Ϫ mice and the B Ϫ/Ϫ mice, indicating that both types of animals were equally deficient in SREBP-1 activity.
It seems likely that some of the SREBP-1 knockout mice survive because SREBP-2 compensates for the deficit of SREBP-1. We do not know whether SREBP-2 is overproduced as a direct regulatory response to a deficiency of SREBP-1, or whether this overproduction is a result of selection. The expression of SREBP-2 may vary among all animals depending on their genetic background, and those SREBP-1 Ϫ/Ϫ animals that happened to express high levels of SREBP-2 by chance may have had a survival advantage in utero. Interestingly, although SREBP-2 appears able to substitute for SREBP-1, the reverse is not true. Thus, all SREBP-2 Ϫ/Ϫ mice died in utero even though the gene for SREBP-1 was intact. 2 This failure may be due to the failure of SREBP-1 to be expressed during embryogenesis in some organ that expresses SREBP-2. Alternatively, it is possible that SREBP-2 can activate some crucial gene in a way that neither SREBP-1a nor SREBP-1c can duplicate.
The increased mRNAs for the cholesterologenic enzymes are most likely attributable to the demonstrated increase in SREBP-2 in the nucleus. The liver normally produces predominantly the 1c isoform of SREBP-1 (11), which is a very weak activator of transcription of cholesterologenic enzymes (8) . The elimination of this weak activator and its replacement by the strong activator, SREBP-2, would be expected to lead to an increase in mRNAs for cholesterologenic enzymes. An opposite effect was observed for the enzymes of fatty acid biosynthesis. Here SREBP-1c has definite stimulating activity (8) . Thus, the replacement of SREBP-1c with SREBP-2 does not lead to an increase in the enzymes of fatty acid biosynthesis.
The increase in mRNAs for cholesterologenic enzymes was matched by an increase in the overall rate of cholesterol synthesis in the livers of the B Ϫ/Ϫ mice (Fig. 6 ). This overproduction of cholesterol was also reflected by an increase in the content of cholesterol in the livers of these animals (Table II) . Remarkably, plasma cholesterol levels were not elevated, and indeed they were slightly decreased in both the A Ϫ/Ϫ and B Ϫ/Ϫ animals. So far, none of the manipulations of SREBPs in mouse liver has led to profound changes in plasma lipid levels. This includes overexpression of dominantly active SREBP-1a and SREBP-1c (8, 13) , as well as targeted disruption of the SREBP-1 gene. The liver of the mouse normally produces high levels of LDL receptors, which keep the plasma concentration of LDL and intermediate density lipoproteins (IDL) very low (16) . Disruption of the LDL receptor gene by homologous recombination leads to massive hypercholesterolemia, especially when the animals are fed a cholesterol-rich diet (25) . It is noteworthy that the SREBP-1 knockout mice had normal amounts of adipose tissue (Table II) that expressed normal amounts of several adipocyte-specific mRNAs (Fig. 5) . Although adipose tissue normally produces only a small amount of SREBP-2, it is possible that this is sufficient to compensate for the loss of SREBP-1. Alternatively, it is possible that the SREBPs are not required for adipocyte differentiation and that their roles can be filled by other factors.
A definitive answer regarding the role of SREBPs in liver and adipose tissue awaits the production of animals in which the SREBP-1 and SREBP-2 genes are both inactivated. This cannot be accomplished by conventional methods of homologous recombination since the loss of SREBP-2 alone is an embryonic lethal. 2 Presently, we are preparing vectors that will allow conditional inactivation of the SREBP-2 gene in adult animals through use of the cre/lox recombination system (26) . This should allow an examination of the acute effects of SREBP-2 inactivation, and it should then be possible to prepare mice that can be deleted for both SREBP-1 and SREBP-2.
